Introduction
As the global competition and the world economic integration, enterprises pay more attention to obtain advantages from innovation instead of the aspects of price or cost, and market has shifted from competition between enterprises to the competition between supply chains. The increasing complexities of competitive environment put forward higher requirements for supply chain members. Previous research supports the value of such practices, including supplier selection (Wong, Boon-itt & Wong, 2011; Carey, Lawson & Krause, 2011; Lawson, Tyler & Cousions, 2008; Zhou, Zhang, Sheng, Xie & Bao, 2014) Considering the limitations of available resources, increasing personalized customer demands and shortening of product life cycle, it is difficult for companies alone to produce the product meeting the demands of market and customers. Increasingly, firms are relying on external sources of technology to drive new product innovations (Ellis, Henke & Kull, 2012) . Thus, the collaboration between enterprises will become more and more extensive (Zhang, Zhang & Zhong, 2008) . In many technology areas, the research and development costs grow up at an unprecedented rate, such as, the R&D costs of a complex product is high to hundreds of millions or even billions of dollars. The failure risks of the huge money input and the uncertainties of the R&D activity are often impossible to bear for enterprises regardless of their scale. There is no company having R&D ability of all fields, so in the time of product life cycle getting shorter and competition getting more intense, collaborative innovation becomes the inevitable choice (Yang, 2007b) .
From the perspective of supply chain, the final product is actually the completion between different supply chains. The profitability of the enterprise is increasingly depending on its overall competitiveness of its supply chain. The economic globalization has formed the global distribution network of the industrial chain, bring a more fine professional division of labor, and putting forward higher requirements on the supply chain integration ability-collaboration ability. Technological innovation is the key to enhance the competitiveness of enterprises and the important condition to realize the shift from high yield to high quality. The collaboration innovation of supply chain enterprises is an important prerequisite (Zhong, 1999) . Especially for technological intensive industries, improving the ability of technological innovation not only includes the independent innovation of enterprise but also is an engineering system which a number of companies in a supply chain participate in. In this process of innovation, there is no doubt that collaboration among supply chain enterprises is essential. Therefore, for the knowledge intensive and the technological intensive industry chain, collaboration on technological innovation in supply chain tends to be more urgent. Especially for the industries with complicated final product or production process, such as cars, machinery, petrochemical, semiconductor etc., as the increasing of the technical complexity and the division of professional link, the collaboration on Technological Innovation in Supply Chain is inevitable (Lou, 2009 ).
There are many papers study the supply chain collaboration, and most of them focused on the information sharing and inventory management. There is little quantitative analysis literature about the collaboration on product technological innovation from the supply chain perspective, especially the efficiency of the collaboration. From observations, however, there exist many issues and challenges in the current supply chain collaborative technological innovation process. In order to provide practical insight and guidelines for improving the promotional effectiveness of the supply chain collaborative technological innovation, an investigative empirical study to measure the efficiency and the performances of the collaborative technological innovation is needed, which is the primary motivation of this research.
The paper is organized as follows. The next section introduces the related literature about supply chain product technological innovation collaboration. Following is a brief introduction about the DEA method used in this research. Section 4 describes an empirical analysis of evaluating the performances of technological innovation in the selected 20 supply chains in China's automobile industry. The primary data for this research are collected through a comprehensive questionnaire. Finally, major issues and challenges for these companies in improving their supply chain collaborative technological innovation efficiency are identified and discussed along with the related managerial implications.
Literature Review

Collaborative Supply Chain Technological Innovation
More and more firms have looked outside their organizations for chances to collaborate with partners to ensure that the supply chain is efficient and responsive to dynamic market needs (Fawcett & Magnan, 2004) . Effective supply chain management has become a potentially valuable way of improving organizational performance and securing competitive advantages (Li, Nathan, Nathan & Rao, 2006) . Through a large-scale survey with manufacturers across the US, Cao & Zhang suggest that supply chain collaboration improves collaborative advantage and indeed has a bottom-line influence on company performance (Cao & Zhang, 2011) . Due to technology environment has changed, like the increasing of the technical complexity, it is difficult for enterprises alone to deal with the technical problems. Not only small business but also the giant enterprises are facing the declining technical self-sufficiency (Dachs, Ebersberger & Pyka, 2008) .
In recent years, the method through technological innovation to improve the overall performance of the collaborative supply chain gain researchers' attention. The contribution of technological innovation to enterprises or supply chain can be divided into: new product development, quality improvement, and cost reduction. Gilbert and Cvas point out that through collaboration on technological innovation between enterprises in supply chain, the production cost of the whole supply chain can be reduced (Gilbert & Cvas, 2003) .Collaborative technological innovation may not necessarily lead to innovation, but with the cost saving effect. In other words, collaboration on technological innovation in supply Chain may not enhance the innovation ability, but can make the enterprises innovate at a lower cost (Schilling & Phelps, 2007) . Through an empirical analysis of 133 usable sets of data collected from manufacturing firms in Malaysia, Lee, Ooi, Chong and Seow identify the relationship between the green supply chain management practices and technological innovation (Lee, Ooi, Chong & Seow, 2014) . In the empirical research on American iron and steel enterprises, Von find that there ten of eleven firms having the high production efficiency are exchanging knowledge and technologies frequently in each other (Hippel, 1988) . Also, through providing new equipment and encouraging technology transfer, technological alliances among Italian traditional small firms arouse area competition ability (Rosenfeld, 1996) .
Evaluation of Collaborative Product Technological Innovation in Supply Chain
The collaboration in supply chain helps to enhance the members' performance. Collaboration in supply chain can make all members benefit from coordination (Harryson, Kliknaite & Dudkowski, 2007) . Most companies want their supply chain partners devote more efforts into innovation, so in reality, this fact is that "one pay effort, others benefit" (Mentzer, Min & Zacharia, 2000) . In order to make the most use of collaboration on technological innovation in supply chain, reasonable evaluation model is needed, which is the premise and bases for the correct evaluation of collaboration capabilities and performance of technological innovation in the supply chain.
The main methods of evaluation of collaboration in supply chain are: analytic hierarchy process (Yang, 2007a) , fuzzy comprehensive evaluation method, data envelopment analysis (Charles, Cooper & Rhodes, 1978) , and principal component analysis. Bhagwat & Sharma propose the analytic hierarchy process and evaluate the collaboration of the supply chain systematically (Bhagwat & Sharma, 2007) . Philbin establishes evaluation model of collaboration innovation based on the conversion process (Philbin, 2008) . Lu, Liu and Wang explain the connotation of the performance of industrial chain collaboration and build photovoltaic industry collaborative performance evaluation index system on the basis of the four dimensions of value chain, supply chain, technology chain, and space chain (Lu, Liu & Wang, 2013) . Kexin, Ping and Hui (in press) analyze and evaluate the risk of low-carbon technological innovation in emerging economies under globalization by integrating the method of global value chain and technological innovation linear progress into a new analytical framework (Kexin, Ping & Hui, in press ). Yange valuates the collaboration performance in supply chain based on combination of traditional analytic hierarchy process and fuzzy evaluation method (Yang, 2007a) . In order to solve the problem that work efficiency is difficult to evaluate in collaboration innovation, Zhao, Yang and Zeng construct an evaluation system of a collaboration product innovation to customers based on genetic algorithm to optimize neural network (Zhao, Yang & Zeng, 2010) .
In summary, the evaluation and the measure of the efficiency of performance of the collaborative technological innovation both in theory and in practice has proven to be very important and quite complex, and there have been limited researches in the current literature.
Methodology
Data Envelopment Analysis
An efficiency score of a Decision Making Units (DMU) is generally defined as the weighted sum of outputs divided by the weighted sum of inputs, while weights need to be assigned. To avoid the potential problems in assigning these weights among various DMUs, a DEA model computes weights that give the highest possible relative efficiency score to a DMU while keeping the efficiency scores of all DMUs less than or equal to 1 under the same set of weights. The partial CCR form of a DEA model is summarized as follows: The dual model of above function can be then given as follows:
where Φ , λ j ,s i − ,s r + are the dual variables.
Perfect DMU Ordering Rule
The traditional DEA model can only evaluate the relative effectiveness of DMU, and divide all DMU into two kinds of effective and non-effective. We can't get the order of all DMU by traditional DEA model. In some cases, there are many DMU are effective that evaluated by traditional DEA model. So a perfect DMU is introduced into traditional DEA model to improve the ranking of DMU. The basic idea of perfect DMU ordering is: Suppose there is a minimum input and maximum output DMU, which called perfect DMU. Obviously, compared with other DMU, the perfect DMU is effective. So the weight that calculated by maximum the efficiency index of the perfect DMU is a group of relatively reasonable. And relative efficiency index of all DMU that obtained based on this group of weight can be used to order them.
Let xi,min as the minimum value of input index i of all DMU, and let yr,max as the maximum value of input index r of all DMU. Then we can get the perfect DMUn+1. And the input index value and output index value of DMUn+1 are as follow:
y r , n +1 =max 1≤j ≤n y r , j , r=1,2,. ..,s
Obviously, the DMUn+1 is the best evaluation unit, and all DMU in the original system are ineffective. Then the difference degree of all DMU can be evaluated, and we can get the order of all DMU.
The traditional DEA is only suitable for input and output data in one moment, and it's a static : the input r in period t of DMUj,
For the choice of decision variable above, the dynamic efficiency measures in different periods are inherent relevance. The dynamic efficiency measures are shown in Figure 1 . 
are the optimal solution of above function. λ j =1, then we can get the scaling efficiency (SE) of DMU.
Methodology
According to the research of Lou (Lou, 2009) , there are three dimensions to evaluate the technological innovation collaboration on supply chain, including the collaboration foundation, technological innovation and supply chain collaboration. So we identify six criteria as the input index and three criteria as the output index based on the research of Lou (Lou, 2009) , and the specific criteria are shown in Table 1 . A questionnaire including the criteria is designed to collect the related information and data from the companies in ten supply chains in China. All of the companies are manufacturers or supplier in automobile industry. Two raters are participated in each company to make an appropriate rating, and the selected items from all websites are rated with the widely used Little Scale, i.e., from a scale of 1 (being the worst) to 5 (meaning excellent) accordingly. The original data is provided with this paper (see Appendix A). 
Result of Traditional DEA Model
It can be seen from the Table 2 that when take the collaborative benefit as the output, only two DMU are efficient, while when take capability improvement or supply chain benefits as output, there are four DMU are efficient. Both of DMU9 and DMU19 have two efficient indexes, and no DMU has three efficient indexes, which means that there are big spaces for improvement for the selected twenty supply chains, especially in the collaborative benefit aspect. It can be seen from Table 3 that there is no change regarding the scale benefits in DMU6, DMU9, DMU10, DMU13, DMU15, DMU17, DMU18, while others increase in the scale benefits.
Result of Dynamic DEA Model
Using the dynamic DEA model, we can get the comprehensive technical efficiency of the whole time from 2012 to 2014 and the order of all DMU. As shown in Table 4 and 
Conclusions
This paper is an attempt to investigate the current issues and development of the supply chain collaborative technological innovation in China. The objectives for this research are threefold:
• to examine and evaluate the effectiveness of 20 supply chains in automobile industry in China;
• to identify major issues and challenges for those companies in utilizing their supply chain management in promoting the technological innovation; and
• to discuss and explore the potential managerial implications for future research.
DEA is employed not only to measure the efficiency of the supply chain collaborative technological innovation, but also information regarding how to improve the efficiency and reduce the undesirable outputs. An empirical study is illustrated to testify the effectiveness of this method. The primary data for this research are collected through a comprehensive questionnaire.
From the results of this research, we can get the conclusion that there are big spaces for improvement for the selected companies in terms of supply chain collaborative technological innovation, especially in the collaborative benefit aspect. The efficiency of the supply chain collaborative technological innovation in the selected companies vary a lot. Our recommendations for improving supply chain companies in terms of improving their collaborative technological innovation efficiency are:
• expanding the cooperative scope;
• optimizing the collaboration operations;
• improving the compactness in supply chain;
• increasing the innovation input; and
• improving the knowledge exchange capacity.
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